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Abstract. In this study, we quantified the mean flow and 1 Introduction

the variability in the Norwegian Atlantic Current (NWAC),

including the individual branches, with associated error es-The NwAC is of major importance for the Arctic cli-
timates. We accomplished this by combining repeated hy+mate (Helland-Hansen and Nansen, 1909) and its ecosystem
drographic data in the Svingy section (af 6Roff the coast  (Skjoldal, 2004). Attempts to monitor the properties of the
of Norway toward the northwest) with absolute dynamic seaNwAC date back about a century (e.g., Helland-Hansen and
surface topography data for the period from 1992—2009. TheéNansen, 1909; Bochkov, 1982). Since the mid 1950s, sev-
analysis shows a two-branched structure of the NwAC in thiseral hydrographic sections have been routinely monitored in
section, with calculated absolute velocities that are largelythis area by Nordic fishery institutions. Arrays of current
in accordance with the independent current measurementsnetre moorings have since the 1990s been operating at the
The mean volume flux of the NwAC was estimated to be borders of and within the Norwegian Sea, providing more
5.1+ 0.3Sv (Sv=16m3s1). In terms of branches, the es- quantitative estimates of both the mean values and the vari-
timated 3.4t 0.3 Sv in the eastern branch is slightly below ability of the fluxes (e.g., Orvik et al., 2001; Ingvaldsen et
previous estimates. The estimated volume flux in the westerml., 2004; @sterhus et al., 2005; Schauer et al., 2004). The
branch is 1.2 0.2 Sv, but a lack of robust estimates makes NWAC manifests itself as a two-branch system in the Nor-
a comparison difficult. There is a significant seasonal cy-wegian Sea: a western baroclinic jet stream linked to the
cle in the volume transport (the winter maximum is almost Arctic Front and an eastern topographic-trapped barotropic
twice as large as the summer minimum) with a major con-current (Fig. 1, e.g., Poulain et al., 1996; Orvik and Niiler,
tribution from the eastern branch. On the inter-annual scale2002). From long-term current measurements, the variability
the volume flux and temperature are significantly and negaof the eastern branch, the Norwegian Atlantic Slope Current
tively correlated in both the western branch and in the total.(NWASC), has been found to show strong links with both
Examining the results showed that increased volume flux ighe local wind field (Gordon and Huthnance, 1987; Skagseth
followed by a decrease in the stability of the upper water col-and Orvik, 2002) and the large-scale wind field (Orvik et al.,
umn, averaged over the Norwegian Sea, and a delay in th&001; Orvik and Skagseth, 2003a; Skagseth et al., 2004). By
phytoplankton spring bloom at the Ocean Weather Station Mcontrast, little is known about the variability and forcing of
(66° N, 2°E), by a lag of 1 year. The cause of this decreasethe western branch, herein denoted the Norwegian Atlantic
in stability, whether a direct effect of the increased volume Front Current (NWAFC).

flux or a consequence of indirect effects, is however beyond The attempt to estimate absolute fluxes from hydrographic
the scope of this study. observations is intrinsically linked to the problem of defin-
ing a reference level of known motion. In a recent work,
Hunegnaw et al. (2009) estimated the mean dynamic topog-
raphy (MDT) for the Nordic Seas by combining the long-
wavelength structure of gravity data (from the Gravity Re-
covery and Climate Experiment — GRACE - satellites) with
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The hydrographic data are from 17 fixed stations that de-
fine the Svingy section. The section runs northwestward
from the Norwegian coast at about°@®, 5°E to about
65° N, O° E (Fig. 1) and has typically been occupied four to
five times a year. For this study, 71 sections were used that
meet the following requirements: (1) occupied during the pe-
riod of satellite data collection from 1992 to 2009, (2) at sta-
tions over the shelf edge (defined as bottom depths less than
1000 m) the depth of the deepest measurement should be at

 Gonsatwatr least 90% of the bottom depth, and (3) where bottom depths
e > 1000 m, the depth of the deepest measurement should ex-
N ceed 900m at all stations. In addition, when needed, the

RS measurements at the shelf edge were extrapolated down to

e the bottom, with a second-degree polynomial using the two
ve e adjacent stations at deeper depths.

The MDT is from the CNES-CLSQ91.0 dataset pro-
Fig. 1. Map of the study area in the southern Norwegian Sea.duced by the Collecte Localisation Satellites (CLS) Space
The locations of the Svingy section (black line) with the 17 hydro- Oceanography Division and distributed by Avisbttp:/
graphic stations (black dots) are shown. The current measuremenigyw.aviso.oceanobs.cojn/ Compared with the previous
from Orvik et al. (2001, black triangles) and the Norwegian Deep Rio05 dataset (Rio and Hernandez, 2004), the main improve-
Water Programme, L@nseth et al. (2003, black stars) used for vali-ments are as follows: (1) the use of the GRACE data, (2) the
dation are also illustrated. See Table 1 for more details of the cur- se of an updated détaset of drifting buoy velocities ’(1993_

rent measurements. The Faroe-Shetland Channel (FSC), Faroe ¢ . .
rent (FC), the two branches: the Norwegian Atlantic Slope Current! 008) and dynamic heights (1993-2007), (3) the use of an

(NWASC) and the Norwegian Atlantic Front Current (N\WAFC), the improved Ekman model to extract the geostrophic compo-

Norwegian Coastal Current (NCC), and the East Icelandic Current’€nt of the buoy velocities, and (4) the use of an improved
(EIC) are also indicated. processing method for the dynamic heights, allowing the uti-

lization of the temperature/salinity profiles at different refer-

L . . ence depths. This estimation is performed on & té4olu-
historical hydrographic data, the estimated fluxes generally;,, grid.

agreed with the fluxes calculated from current measurements. The SLA data are produced by Ssalto/Duacs and dis-

In this study, a state-of-the-art, satellite-derived abSOIUtetributed by Aviso http:/Avww.aviso.oceanobs.com/dudcs/
dynamic sea surface height dataset was combined with rérpay are based on the merged TOPEX/POSEIDON and ERS
peated hydrographic data from the Svingy section (Fig. 1) 10yatasets (Ducet et al., 2000) and are corrected for the inverted
calculate the absolute velocity field and fluxes in the NWAC. j,o .0 atre effect, tides and tropospheric effects (Le Traon
This calculation includes time averages, variability and error Ogor, 1998). The geostrophic surface velocity dataset
estimates. S.ection 2 provi@es an overv.iew of the da_ta angl provided as weekly means with a 1/@ercator projection
methods, while the estimation of errors is presented in AP-grid. At the Svingy section, this corresponds to a resolution
pendix A. The results are described in Sect. 3;in Sect. 4, they 17 m_ The period used herein ranges from October 1992
results are discussed in relation to previously published flux July 2009.
estimates and forcing mechanisms. An effect of the inter- s yosits based on the altimetre and hydrographic data
annual flux variability on the ecosystem in the Norwegian ere evaluated against independent rotating current metre
Sea is noted at the end of Sect. 4. The conclusions appear '(RCM) and Acoustic Doppler Current Profiler (ADCP) data
Sect. 5. at a depth of 100m. The current metre data are from the
Svingy section programme (Orvik et al., 2001), while the
ADCP data are from the Norwegian Deep Water Programme
(Lenseth et al., 2003; see Fig. 1 for locations). The isobaths
2.1 Data are approximately normal to the Svingy section. Therefore,

for current metre data obtained at some distance from the sec-
In this study, the following three main sources of data weretion, the isobath-following component is used. To match the
combined to provide the velocity field and volume flux asso- surface currents calculated herein, a time-mean geostrophic
ciated with the NwAC in the Svingy section: (1) repeated hy-velocity shear, using the hydrographic data in the section,
drographic data from the Svingy section, (2) absolute MDTwas used to extrapolate the RCM and ADCP velocities from
data, and (3) sea level anomaly (SLA) data from a satellitethe measurement depth of 100 m to the surface. Table 1 pro-
altimetre. The combined MDT and SLA gives the absolutevides details of the current measurements.
dynamic topography (ADT).

2 Data and methods
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Table 1. Time periods and locations of the current measure- 0
ments used for validation. Locations are also shown in Figs. 1 g ;4!
and 3. OSM-instruments, from Orvik et al. (2001), are current me- £
tres while NDP-instruments, from the Norwegian Deep Water Pro- © 2]
gramme (Lgnseth et al., 2003), are ADCPs. All measurements are

at 100 m depth. 2009 g
2008
Instrument  Time period Position zzzz =
OSM-1 Apr 1995-Oct 1998 628N, 4°15E 2005
OSM-2 Oct 1995—-Oct 1998 833N, 4°06 E 2004
OSM-3 Oct 1996—0Oct 1998 880N, 3°53E 2003
OSM-4 Apr1997-Oct 1998 631N, 3°23E 2002
OSM-5 Apr 1997-Oct 1998 658N, 1°39E g 2001
NDP-1 Dec 2001-May 2002 830N, 3°00E 2000
NDP-2 Dec 2001-May 2002 640N, 3°00E 1999 |3
NDP-3 Dec 2001-May 2002 645N, 4°20E 1998
1997
1996
1995
2.2 Methodology 1904 §

150 200
Distance (km)

Assuming that the water column is in hydrostatic and
get_)strophlcl balance, the geostrophic velpglty through thq:ig. 2. Upper figure: bottom topography with the fix hydrographic
Svingy section has a surfacg)and a baroclinic subsurface  giations in the Svinay section. Lower figure: Haliar plot of sur-

(ubc) component: face currents through the section based on the absolute sea surface
dynamic height data. The data are three months moving averages.

Vg = Vs + Unc (1) Shaded contour interval is 10 cm% and white contour lines are
0 zero velocities. The Norwegian coast is to the right, and the distance
g p in x-axis is relative to the westernmost station (1) that yields for all
Upc = — [ 77— dz. (2 figures. The hydrographic stations associated with the NwASC and
pof 7 ox NwAFC volume fluxes are indicated.

The x-axis is directed along the section, from west to east,
and the velocity componentis directed across the section,  The depth-integrated velocity and the volume fluxes in the
which is approximately along the isobaths in the Svingy sec-Svingy section were calculated for the Atlantic Water (AW):

tion. f is the Coriolis parametreg is the acceleration of
gravity, p is the density anghy is a reference density. The V = f VgdA- (4)
density-derived subsurface velocity:, was calculated from A

the hydrographic observations in the section. The surface

velocities were calculated from the slope of the absolute dy-* 1S €ither the AW column at one station (i.e., depth-
namic height using a geostrophic balance: integrated velocity) or the area of the AW over several sta-
tions (i.e., volume flux). Here, the AW is defined as wa-
o= &9 ApT (3)  terwith salinity above 35 (e.g., Helland-Hansen and Nansen,
X ' . Following Orvik an agset , that locate
S 0 1909). Foll Orvik and Sk h (2003b), that | d
The gridded ADT dataset was spatially interpolated on thethe NwASC inshore of the 1000 m isobath, the flux estimates
) o ) . X .~ “for the NWAFC and the NwWASC branches were calculated
fixed positions of the hydrographic stations in the Svingy . .
section by weighting the data inversely with distance Be.OVer the stations located offshore and inshore of the 1000 m
tween pairs of stations, both the subsurface and surface vé§03r?2’r{:;%2§tzgs);Saeti g?vist.hlb?)?: ti)é MDT and the SLA
locities were calculated from Egs. (2) and (3), respectively. : : o
. ! : — .~ “’datasets are used to estimate the errors in the velocity fields
The surface velocities were later linearly interpolated in time
e - o and volume fluxes. When the average numbers were calcu-
to fit with the timing of the subsurface velocities. The sum . o . ;
. lated, each data point within that sum was weighted inversely
CDy its error variance. The details of handling the error esti-

velocity across the section (Eq. 1). mates are provided in the appendix.
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Table 2. Long-term means and trends of volume flux, temperature and salinity in the two branches NwAFC and NwASC, and total inflow,
NwAC. Standard error estimates of volume fluxes are included. Trends and trend significanceg, witaeg@robability level, are calculated
from annual values, and trends with 99% or higher significance are bolded.

NwAFC NwWASC NwAC
Volume flux (Sv) 1.A0.2 3.4+0.3 5.1+0.3
Trend (Sv/yr) 0.0454=0.08) —0.011 (p=0.67) 0.36 p=0.32)
TemperaturelC) 6.8 7.8 7.1
Trend CClyr) 0.017 p=0.19) 0.028(p=0.01) 0.019 p=0.08)
Salinity 35.14 35.20 35.16

Trend (salinity/yr) 0.0039 p <0.000) 0.0048 p <0.000) 0.0041 ¢ < 0.000)

3 Results

v___Mean
40+ abs

v__Winter
abs

The surface velocity in the Svingy section, based the com- L i
bined MDT and SLA data (i.e., the ADT) shows that the | . NDP
approximate 50 km-wide NWASC is centred over the 500 m A/ OsMm
isobath and a band of weak but mainly negative (southward)
velocities is over depths of about 1000-1500 m; positive ve- ~ 20f
locities in the western part are associated with the NWAFC
(Fig. 2). Seasonal variability is most pronounced within the ‘é 10k
NwASC. By contrast, the dominant variability further to the
west is on an inter-annual scale.

The time-mean (1992-2009) surface velocity structure,
based on the ADT, clearly reveals a distinct NWASC and a

weaker NWAFC (Fig. 3). There is a significant winter max-  -tof % *
imum and summer minimum in the NWASC, and also in the ; = - - s i = =
middle of the section, where the velocity is negative in sum- Distance (km)

mer. In contrast, there is no pronounced seasonality in the

core of the NWAFC. These surface velocities compare re-Fig. 3. Mean averaged surface velocity with standard error es-
markably well with the velocities from independent current timates for annual mean, winter and summer from ADT data in

metres in the NWASC, where the current metre series ardhe Svingy section. Velocities from single CMs are from Orvik et

long (Table 1). By contrast, westward of the NWASC, where al. (2001, ref OSM) while v_elocities from ADCPs are from Lgnseth

the current records are shorter, the differences between th { al. (2003, ref NDP). Filled markers are the measurements at

locities f th d dth timated velocit 00 m depth while the non-filled markers are velocities at the sur-
Velocilies from these records an € estimated VEIOCIIES arg, ;e where mean baroclinic shears, using hydrography, are added to

notable, although qualitatively similar. the measurements at 100 m depth.
To extend the geostrophic surface velocity field based on

the ADT to the subsurface, they were combined with the hy-

drographic data. In short, the hydrography show a remarkthe NWASC is stronger and deeper, the core velocities in the
ably stable intercept of the lower boundary of the AW (de- NwAFC are larger, and the return current in the middle of the
fined as water with salinity- 35) with the continental slope section is less prominent.

at a depth of about 500 m that shoals westward (Fig. 4). The The depth-integrated velocity over the Atlantic water col-
main seasonal change is that of a more homogeneous AWmMn has significantly larger value during the winter as com-
during the winter than the summer, when a warm, fresh surpared to the summer in both NwASC and NWAFC. The pos-
face layer develops. Below the AW, the seasonal changegiive depth-integrated velocity at the most western station
are small. The density shows a general increase toward th@~ig. 5) suggests that it is also positive beyond the section.
west, but with a local deepening of the isopycnals from hy- Together with the observed AW in the western portion of the
drographic stations 8 to 5. For the geostrophic currents, thresection (Fig. 4), this indicates that there is a weak northward
different velocity regions are clear (Fig. 4, lower figures): flow of AW beyond the section.

the NwASC (just off the continental shelf break), the region In terms of inter-annual variability in the depth-integrated
of weak return current, and finally a western region associ-velocities, the NWASC shows little temporal variation; far-
ated with the NWAFC. Comparing the winter to the summer, ther to the west, the variability is relatively large (Fig. 6).

Ocean Sci., 6, 90841, 2010 Www.ocean-sci.net/6/901/2010/
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Fig. 4. Cross-sections of temperature, salinity, density &nd ab-
solute velocity (cm3s?) averaged for winter and summer.
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Fig. 6. (a) The averaged wind stress curl over the Norwegian Basin
(we). (b) Hovmobller diagram of vertically depth integrated velocity
over the Atlantic water column as function of position in the sec-
tion and time. Shaded contour intervals every Zent. White
contours indicate zero flux. Red and blue lines are positive and
negative anomalies of AW thickness (in metres), respectively. All
values are one year moving averages.

The depth variations of the AW are most prominent west-
ward of the NwWASC. In a broad sense, the AW thickness was
low before 2000 and large afterwards. This coincided with
the relatively large average wind stress curls in the Norwe-
gian Sea before 2000; lower values were observed after this
date. The data show no clear relationship in AW thickness
between the NwWASC and the NwAFC.

The corresponding inter-annual variability of the volume
transports, including errors and hydrography is presented in
Fig. 7. The estimates show significant variability in the to-
tal volume transport of the NWAC, mainly due to variability
of the NwWAFC. The estimated inter-annual variability of the
NwASC is largely within the uncertainty range. The results
show no significant correlation between the volume fluxes
of the two branches. Both temperature and salinity in the
NwASC and the NwWAFC tend to vary in phase, except in
2005 when the volume flux in the NWAFC is at maximum.
The only significant correlation observed between the hydro-
graphic properties and the volume fluxes is a negative corre-
lation between the temperature and the volume flux in both
the NWAFC and the NwAC. The correlation)(with prob-
ability level (p) isr =—0.74 (p =0.01) in the NWAFC and
r =—0.53 (p =0.05) in the NwAC when the annual values
are used. There are significant trends in the salinity for all
branches, and in the temperature for only the NWASC (Ta-
ble 2). By contrast, there are no significant trends in the vol-
ume fluxes.

The time-means (1992-2009) of the volume fluxes were

Fig. 5. Depth integrated velocity over the Atlantic water column in agtimated to be 1.7 Sv in the NWAFC. 3.4 Sv in the NWASC
the Svingy section, averaged for winter and summer, respectively. and 5.1 Sv for the total; the standard errors range from 0.2 Sv

WWWw.ocean-sci.net/6/901/2010/

to 0.3 Sv (Table 2).
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1994 1996 1998 2000 2002 2004 _ 2006 _ 2008 4.1 Mean velocity structure and flux estimates
| a
g |---nwascl  aos : \ ey 4.1.1 \Velocity structure
%7'5 The results of this study confirm the two-branch structure
5 ol of the NWAC reported by Orvik et al. (2001), with a region
between these branches with weak or even negative veloci-
S S R ties (e.g., Poulain et al., 1996; Orvik and Niiler, 2002). For
5524 —Nac | T N o ‘bf the eastern branch especially, the estimated currents compare
— m;g /“\,-"1 , well with the current measurements (see Fig. 3), but in gen-
asa . * eral, the velocity structure estimated in this study is some-
= what smoother than that based on the current metres. This
"’35_15 is especially true for the slope current; the extensive dura-
tion of the current metre series makes a maximum velocity
I of > 30cms ! a benchmark result. The maximum mean ve-
gl994 1996 1998 2000 2002 2004 2006 2008 locity in this study (25 cm'st) demonstrates the effect of the
1 C NWAC | relatively coarse resolution of the data and the gridding of the
3 6/\/\/\/\/\_\/ ADT data that results in a smoother velocity structure.
5 West of the slope current, the obtained velocities become
4 i increasingly different from the direct current measurements
§ d T (Fig. 3), but the series from this region are generally of a
3 1 shorter duration. Thus, it is difficult to conclude which is the
& 2f most representative, but it can be assumed that the above-
1 1 mentioned argument regarding smoothing is still valid. The
N R A interaction of meanders and eddies with the topography in
e T T T T nwRse the front region (Orvik et al., 2001; Nilsen and Nilsen, 2007)
4\/\/-\/\/\‘_‘\/* would additionally smear out the velocity field. Based on
@ 3f this fact, one could argue that the temporal mean width of
2 1 the NWAFC is larger than the 30-50 km reported by Orvik et
e al. (2001) but also that the estimated velocity field, herein, is
1994 1996 1998 2000 2002 2004 2006 2008
Year too smooth.

Fig. 7. Time series of temperatur@), salinity (b), and volume  4.1.2 Volume fluxes

fluxes(c—e)for the NwAC, NwWAFC and NWASC. Shades areas in

volume fluxes are standard error estimates. All time series are onghe mean total volume flux of the AW in the Svingy sec-
year moving averages. tion is estimated to be 5.1 Sv. To assess this number, the
contributions of the branches must be considered, individ-
ually. The estimated volume flux in the NwASC of 3.4 Sv
is significantly lower, when considering the error range (Ta-

This study is the first to provide the temporal means and vari-ble 2), than the estimate of 4.3 Sv that is based on the current

ability (1992-2009) of volume fluxes in the NWAC, includ- metre(s) (Skagseth et al., 2008). However, it is close to the

ing both branches. These estimates, based on the MDT anlaut_negPawf?:]al.N(Z(z\OFQC): e_zstllrn?a;e of f’]lg SV. Qur voluipe f:ux
altimetre SLA data, are additionally accompanied by erroreStMate otthe IS 1.7 SV, While previous estimates

estimates. Error estimates are rarely discussed in any d ange from 2.5Sv to 4.1Sv (Mork and Blindheim, 2000;

tail for investigations that are based on current metre arraysQrVIk etal., 200.1)' Howev_er, these_eshmates are e|ther based
Therefore, even though it might not be possible to conclud on hydrographlc calculations, .Wh'Ch. depenq heayﬂy on a
which estimate is the most accurate, it is valuable to have th evel of no motion (Mork and Blindheim, 2000; Orv!k etal.,

independent estimates presented herein to evaluate and p 001), or on a small number of snapshots from ship ADCP-

sibly challenge the traditional estimates from mooring SeC_measurements (Orvik et al._, 2001). Although it is difficult
tions. to determine the correct estimate, some general remarks can

be made. The estimates that are based on a combination of
ADT and hydrography agree with each other, within the er-
ror range (this study and Hunegraw et al., 2009), and these
estimates are lower than those based on current metres (Sk-
agseth et al., 2008). Additionally, the geostrophic estimates

4 Discussion

Ocean Sci., 6, 90841, 2010 Www.ocean-sci.net/6/901/2010/
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that are based solely on hydrography and include no infor- 9
mation about bottom currents are possibly too large (Mork

s NWAC

and Blindheim, 2000; Orvik et al., 2001). l - - ~NWAFC

—— NwASC

In order to compare the present flux estimates with the 7
total northward Atlantic inflow at the Greenland-Scotland
Ridge, the fraction of the AW volume flux that is not cap-
tured in the Svingy section must be considered. This frac-
tion is made by (i) 0.8 Sv of the North Icelandic Irminger
Current (Dsterhus et al., 2005) that is not likely to reach the 3 4r
Svingy Section, (ii) 1.1 Sv of the Norwegian Coastal Cur- ~
rent, mainly consisting of AW (Skagseth et al., 2010), and
(iii) a relatively small contribution beyond the section, esti-  ,| S ‘I’ ; _} . I . {_ - —I- - -I ,
mated to about 0.4 Sv by extending the westernmost velocity ‘I- - I_ - ‘1_ 1371
in the section (see Fig. 5) 100 km further north-westward, 1f |
i.e., to the centre of the Norwegian Basin (see Fig. 1). Af- ‘ ‘ ‘ ‘ ‘ ‘
ter subtracting the above fluxes from the northward Atlantic Feb Apr Aug Oct Dec
inflow of 8.5 Sv at the Ridge (Jsterhus et al., 2005), we are
left with 6.2 Sv crossing the Svingy section as the definedrig. 8. Monthly values of volume flux in NWASC, NWAFC and
AW. Considering the errors in Dsterhus et al. (2005}, Sv, NWAC with error estimates.
and those in this study; 0.3 Sy, the values 6.2 Sv and 5.1 Sv
are not significantly different. A more detailed comparison
is not attempted due to considerable exchange between théuring the winter as compared to the summer is, therefore,
northward branches of Atlantic inflow from the Greenland- in accordance with the seasonal variation in the NWASC
Scotland Ridge to the Svingy section (Hughes et al., 2006(Fig. 8).

o
T

me flux (Sv)
a
T

!

Jun
Time (month)

Rossby et al., 2009). The volume flux of the NWAFC has a minimum in June—
August of 1.5Sv and a maximum in January of 2.7 Sv

4.2 Variability in fluxes and hydrography (Fig. 8). The main cause of this difference is not hydro-
graphic changes. Instead, the deep circulation within closed

4.2.1 Seasonal variability isobaths in the Norwegian Sea and the Nordic Seas are found

to be largely influenced by the wind stress curl, averaged

Quantifying the seasonality in the NWAC can provide hints within the isobaths (e.g., Isachsen et al., 2003; Mork and Sk-
on the forcing mechanisms that are also applicable for longeragseth, 2005; Ngst and Isachsen, 2003; Voet et al., 2010).
time scales. However, some unresolved questions regardinghe deep circulation is then found to be stronger during the
spatial differences in the seasonal cycle remain. Based on th@inter (Voet et al., 2010; Mork and Skagseth, 2005). The
data from mooring arrays, the seasonal cycle in the volumeseasonal variability of the NWAFC can, therefore, be ex-
flux over the Greenland-Scotland Ridge is small (dsterhusplained by the seasonally varying wind stress curl, averaged
et al.,, 2005; Hughes et al., 2006). By contrast, a promi-over the Norwegian Basin, and the associated change in the
nent winter maxima to summer minima in the velocities of deep currents.
the NwWASC is observed in the Svingy section (Skagseth and
Orvik, 2002; Skagseth et al., 2004). As these studies coves.2.2 Inter-annual variability
the eastern branch, this could be compensated by opposing
changes in the western branch. However, our results do nothe analysis shows significant inter-annual variability in the
support this idea. One main result is the finding of a largeNwAFC, but the inter-annual variability in the NwWASC is
seasonal cycle in the NwWAC when both branches are considsmall. This result is in contrast to that of Mork and Blind-
ered (Fig. 8). It is most prominent in the slope current but isheim (2000), who based their study solely on hydrographic
also significant in the western branch. data and reported that the two branches in the Svingy section

The seasonality in both branches of the NwWAC can be confluctuated in the opposite phase. The present study points to
nected to seasonality in the wind forcing. In the slope cur-the importance of using the observed surface currents (based
rent, the along-slope component of the wind was identifiedon the ADT) as opposed to using an arbitrary fixed level of
as the main source of variability in the NWASC (Skagseth no motion (Mork and Blindheim, 2000).
et al., 2004), and with a negligible phase lag indicating a On the inter-annual scale, no significant relationship be-
barotropic transfer mechanism (Skagseth and Orvik, 2002)tween the wind stress curl, averaged over the basin, and the
The estimated volume flux in the NWASC shows a similar re- volume flux was found. Two possible mechanisms could
lationship with the along-slope component of the wind (not explain this result. First, the ratio of the inter-annual to
shown). Related to this, the generally stronger wind forcingthe seasonal variability in the wind field is relatively low,
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and second, the effect of upstream variationakkinen and 1 2,3 4 5 6 7 8 9 10 12 14 15 16 17
Rhines, 2004; Holliday et al., 2008) becomes increasingly -
important for longer time scales. However, the depth of the
AW in the NWAFC decreases when the area-averaged winc
stress curl increases and visa versa. This result is in accor
dance with Mork and Blindheim (2000), who found a similar
result using the North Atlantic Oscillation (NAO) index in- _ 40
stead of the wind stress curl.
In a study on the propagation of salt anomalies, Sundby3d
and Drinkwater (2007) argued that increased flow along a
route with a negative salinity gradient would cause a posi- 70
tive anomaly. Applying the same argument to temperature
variability, we showed (to the contrary) that an increase in
the volume flux coincides with a decrease in the temperature
for both the NwWAFC and NwAC. Composite plots demon- 100
strate that large volume transports in the NWAFC coincide
with the lifting of the interface between the Atlantic and the
Arctic water in the middle of the Svingy section (Fig. 9).
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Fig. 9. Temperature anomalies, difference in temperature between

. . . é/ears with positive volume flux anomalies and negative volume flux
By contrast, in the western part of the section the isotherm . ; L . . _
anomalies. The dotted line, which is the time-mean isohaline at

are displaced downward, i.e., aligned more horizontally. ASS:35, indicates the boundary between AW and Arctic water. The

a result, the front is wider and less sharp when the transy mpers at the upper axis refers to the standard hydrographic sta-
ports in the NWAFC are large. The main reason for this ar-ijgns.

rangement is probably related to the wind field of the Nor-

wegian Sea, but increased transports and velocities may also

enhance mixing with the adjacent, colder water masses. Th# the Norwegian Sea. For the Norwegian Sea, the phy-
hydrographic changes are also affected by external variatiorioplankton spring bloom in the AW depends on the stabil-
e.g., by propagating anomalies with an origin upstream in thésing process of the water column (Rey, 2004). Melle et
North Atlantic. Therefore, identifying causal relationships is al. (2010) estimated that the timing of the phytoplankton

difficult. bloom was positively correlated to the stability of the wa-
ter column in May, with no time lag. They also observed that
4.2.3 Trends the variations in the water column stability were mainly due

to changes in the temperature and, to a lesser extent, in the
There are significant trends in the salinity for all branches,salinity. Building on these studies, a significant correlation
and in the temperature for the NwASC. For the time periodbetween the volume flux of the NWAC and the stability is
considered here, 1992-20009, the trends correspond to a lirfound ¢ = —0.63, p < 0.05), where the volume flux leads by
ear increase of 08C and 0.08 in temperature and salinity, 15 months (Fig. 10). Similarly, the volume flux also leads the
respectively, in the NWASC. These results are consistent withiming of the bloom by nearly 1.5 years+£ 0.69, p < 0.01).
the observations of Holliday et al. (2008). They reported thatThus, on inter-annual time scales, there is a negative effect of
since the 1990s, both the temperature and salinity have inthe Atlantic inflow on the ecosystem, with reduced stability
creased in the Atlantic inflow. This increase was explainedand a subsequent delay of the phytoplankton spring bloom.
by the decreased strength of the Sub Polar Gyre and consd-his is not to say that the inflow of the Atlantic water is, in
quently a larger fraction of relatively warmer and saltier Eastgeneral, negative for the ecosystems but points out a possible
Atlantic Water in the Norwegian Sea &lin et al., 2005). In  opposing effect to consider on the inter-annual time scale.
contrast to the trends in hydrography, the volume flux of the The cause of this, whether a direct effect of the increased
NwAC shows no significant trend. This agrees well with the volume flux (e.g., increased mixing) or an indirect effect of
recently reported lack of a trend in the meridional overturn-other factors related to the wind field (e.g., Ekman trans-

ing circulation at 41N (Willis, 2010). ports), is beyond the scope of this study. However, that
the temperature in the NWAC decreases when the volume
4.3 Impact on the ecosystem flux increases will most likely affect the water column sta-

bility in the Norwegian Sea when these changes propagate
The fluxes and their hydrographic properties have an im-northward. Similar to this approximately 1-year time lag,
pact on the ocean climate and, thus, the ecosystem for thboth Skagseth et al. (2008) and Holliday et al. (2008) esti-
region. Melle et al. (2010) revealed relationships betweenmated that the variability in the hydrographic properties is
the upper ocean stability and the onset of the phytoplank-observed 2 years later in the northern Norwegian Sea than in
ton spring bloom, zooplankton biomass and herring growththe southern Norwegian Sea.
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J
=]

' ' ' our results suggest a negative relationship on the inter-annual
Timing of bloom time scale; increased Atlantic inflow leads to a reduced
N ] stability of the water column and a delayed phytoplankton
ls spring bloom. The approximate 1 year time lag from the vol-
ume flux to the spring bloom gives the potential for ecosys-
o tem predictions.
2 This inexpensive method has great potential to being used
z in other sections with existing repeated hydrography. Fur-
thermore, in sections where flux estimates exist based on cur-
rent metre arrays, the independent results from this method
{10 can be used for comparison, as done in our study.
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Fig. 10. Time series of NWAC in the Svingy section, the averaged

5 The calculated geostrophic velocity is the sum of several ve-
stability over the upper 200 m for the Norwegian 9¢a= —£ =

o 0.9z locity components:
and the timing of phytoplankton bloom at Ocean Weather Station M
(OWS-M, located at 68N, 2°E, e.g., @sterhus and Gammelsrad, vg = vmdt + Usla + Ubc. (A1)

1999). The volume flux data are averages over one year centred ] )

at 1 January the previous year compared to the other two time sel Ne velocity componentsmg: andusja are derived from the
ries. The time series of the volume flux are moved for better visu-MDT and SLA, respectively. The associated standard errors
alization. The bars at the volume flux indicate standard error withinof the velocity components in Eq. (A1) are

each year. For the stability the Brunai&la frequency§2) is spa-

tially averaged over areas occupied with AW in the Norwegian Seafvg: émdt: €sla, €bc- (A2)

between 64-72N and 2 W-16" E during May. Note that the y- 1 grandard errors for the MDT and SLA are provided in
axis for stability (right axis) is reversed. The stability data are from

Melle et al. (2010) while the timing of bloom data from OWS-M the corresponding data_sets. As we do _not have the error

are from Rey (2004). of the subsurface velo_cny componela;)(o, it was set to a
constant of 2cmst. This value approximately corresponds,
within each season, to the standard deviation of the subsur-

5 Concluding remarks face velocity component averaged over the Atlantic layer in
the Svingy section.

We presented a method to calculate geostrophic volume The associated error of a flux estimate is

fluxes using a combination of mean dynamic surface to-
pography, sea level anomaly (altimetry) and repeated hy£ = / edA, (A3)
drographic sections. Although the method is general, we A

usgd It to cqlculate th.e northward.fluxes of the Atlantic Wa- whereg is a velocity error, and is the Atlantic water column
ter in the Svingy section (Ioc_:ated in the sogthern Norweglanat one station (i.e., depth integrated velocity error) or the area
Sea) because of the extensive hydrographic data and curre8¥ the AW over several stations in the section (i.e., volume

measurements available for this region. Using this methodﬂux error). ’

the temporal means and the variability of the volume flux When averaging the volume flux over a period such as
in the Norwegian Atlantic Current, including the individual year, we used the errors in the velocity or in the associ-
branches, were determined for the first time. The presente '

fluxes also include error estimates, which previous estimate ted volume fluxes as weights. A mean (u) was, therefore,
lack ’ P Talculated by weighting each data poifitinversely by its

. L own error variancee(z; Bevington, 1969)
The estimated volume fluxes have significant seasonal and

inter-annual variability, but there are no significant trends in > (di/€?)

the fluxes, in contrast to the trends observed in some of the, _

hydrographic properties. While there is no significant corre- 3 (1/el.2) ' (A9)
lation between the volume fluxes of the western and eastern i
branches, the volume flux and temperature are negative coffFhe error of the mean is
related in the western branch. 1

In contrast to the general view that increased inflow of At- &} = S (W) (A5)
lantic Water is beneficial for the Norwegian Sea ecosystem, ; i
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